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FOREWORD 


This  report  is  one  of  a  series  of  related  papers  covering  various  aspects  of  a 
broad  program  to  investigate  the  flow-field  variables  associated  with  hypersonic 
velocity  projectiles  in  free  flight  under  controlled  environmental  conditions. 
The  experimental  research  is  being  conducted  in  the  Flight  Physics  Range  of 
GM  Defense  Research  Laboratories,  General  Motors  Corporation,  and  Is 
supported  by  the  Advanced  Research  Projects  Agency  under  Contract  No. 
DA-01-02l-AMC-11359(Z).  It  is  intended  that  this  series  of  reports,  when 
completed,  will  provide  a  background  of  knowledge  of  the  phenomena  involved 
in  the  basic  study  and  thus  aid  in  a  better  understanding  of  the  data  obtained 
in  the  investigation. 
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ABSTRACT 


Experimental  measurements  have  been  made  of  the  distance  of  transition  to 
turbulence  of  the  wake  behind  hypersonic  spherical  and  blunted-cone  models 
at  hypersonic  speeds  in  a  ballistic  range.  Transition  distances  behind  blunt 
bodies  were  found  to  be  independent  of  body  shape,  whereas  a  definite  shape 
effect  was  observed  for  slendei  bodies.  A  single  shape  parameter  was  determined 
which  successfully  correlated  all  the  slender  body  data.  The  transition  process 
was  found  to  be  markedly  different  between  blunt  and  slender  body  flows,  the 
transition  occurring  rather  abruptly  behind  blunt  bodies  and  being  extended 
over  many  body  diameters  for  slender  bodies.  In  all  cases,  the  transition 
distances  were  independent  of  body  size  and  flight  speed.  The  correlations 
were  found  to  break  down  at  high  Reynolds  numbers  where  turbulence  originated 
at  the  recompression  region.  A  method  of  using  the  distance  to  transition  tn 
clean  wakes  to  discriminate  between  blunt  and  slender  bodies  is  outlined. 
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I  INTRODUCTION 


Present  methods  of  detecting  and  discriminating  among  various  reentering 
vehicles  rely  upon  observables  which  are  character;stic  of  the  vehicle's  shape, 
speed  and  altitude.  The  trail  deposited  by  vehicles  within  the  atmosphere  is  a 
source  of  such  observables,  and  as  such  has  been  the  subject  of  much  scientific 
interest  in  recent  years.  In  particular,  the  strikii  g  differences  between  the 
near-wake  signatures  of  blunt  and  slender  body  shapes  suggest  a  possible 
means  of  discrimination. 

Blunt- body  wakes  are  characterized  by  a  high-temperature  inviscid  outer  wake 
(Figure  1)  generated  by  the  strong  portion  of  the  detached  shock  at  the  body 
nose,  and  a  high-temperature,  but  narrow  viscous  inner  wake  generated  by 
the  body  boundary  layer.  In  the  case  of  a  slender  body,  this  inner  wake  becomes 
much  more  important  because  of  thicker  boundary  layers  developed  on  the  body 
and  also  because  the  Inviscid  wake  is  at  a  lower  temperature,  being  generated 
by  a  weaker  body  shock.  Consequently,  the  radiation  and  electron  observables 
generated  in  the  trail  vary  from  a  case  in  which  the  flow  field  Is  shock-dominated 
to  one  in  which  it  Is  boundary-layer-dominated  as  the  body  becomes  more  slender. 

Further,  the  transition  of  the  laminar  viscous  wake  to  turbulence  is  shape- 
dependent,  Inasmuch  as  wake  stability  is  governed  largely  by  the  temperature 
difference  between  the  Inner  and  outer  wake.  The  location  of  the  onset  of 
turbulence  is  of  prime  Importance  both  as  an  observable  per  se  and  because 
turbulence  mixing  radically  affects  the  observables.  If  the  trail  of  a  hypersonic 
vehicle  is  to  be  used  as  a  means  of  discrimination  between  blunt  and  slender 
bodies,  a  systematic  study  of  shape  effects  ;s  essential. 
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Earlier  measurements  of  observables  obtained  in  the  GM  DRL  Ballistic  Range 

(1  2)* 

have  been  reported  elsewhere.  '  The  present  paper  is  concerned  with 
schlieren  studies  of  the  laminar  trail  and  transition  to  turbulence. 

II  BACKGROUND 

(3) 

Experimental  evidence  indicates  that  the  transition  process  in  two-dimensional 

viscous  wake  flows  can  be  classified  into  three  sequential  regions:  a  linear,  a 

(4) 

nonlinear  and  a  three-dimensional  region.  It  is  expected  that  transition 
behind  three-dimensional,  axlsymmetrlc  bodies  will  be  of  a  similar  nature. 

The  first  instabilities  observed  are  small  sinusoidal  oscillations  corresponding 
to  the  classical  Tollmeln-Schlichting  type.  These  oscillations  amplify  exponentially 
in  the  linear  region,  eventually  becoming  finite,  nonlinear  wav'es  in  the  nonlinear 
region.  The  nonlinear  disturbances  appear  to  be  vortical  in  nature,  being  best 
explained  by  a  model  which  consists  of  a  double  row  of  two-dimensional  vortices, 
analogous  to  the  classical  Karman  vortex  street.  These  vortices  subsequently 
distort  into  three-dimensional  disturbances  before  finally  breaking  up  into 
three-dimensional  turbulence. 

Experimental  observations  have  been  limited  to  a  large  extent  to  the  location 
of  transition  as  determined  by  the  first  evidence  of  disturbances  In  the  laminar 
wake  (the  beginning  of  the  linear  region),  since  it  is  here  that  the  flow  first 
becomes  unstable.  Further  reference  in  this  paper  to  the  transition  point  will 
imply  such  a  definition. 

It  is  expected  that  the  location  of  the  transition  point  is  controlled  largely  by  a 
Reynolds  number  based  upon  local  wake  conditions.  At  extremely  low  Reynolds 
numbers,  instabilities  which  might  occur  are  damped  by  viscous  dissipation 
placing  a  lower  limit  on  the  Reynolds  number  at  which  transition  may  occur.  As 
the  Reynolds  number  increases,  the  transition  point  moves  towards  the  body 

*  Raised  numbers  in  parentheses  indicate  releiences,  listed  at  the  end  of 
this  report. 
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until,  in  the  vicinity  of  the  body,  it  becomes  lodged"  at  the  "neck"  (Figure  1). 

Since  the  free-shear  layer  formed  by  the  boundary  layer  separating  from  the 

base  of  the  body  is  stable  at  high  Mach  numbers,  the  transition  point  will  jump 

to  the  boundary  layer  at  a  sufficiently  high  Reynolds  number.  A  sketch  ol 

transition  distance  in  model  diameters  vs  a  pertinent  Reynolds  number  based 

on  body  diameter  is  shown  in  Figure  2,  based  upon  the  above  arguments  It 

appears  from  ballistic -range  and  wind-tunnel  measurements  using  blunt  bodies 

-1  14) 

that  In  the  Intermediate  Reynolds  number  region,  x/D-  (Re  D)  or  Re  x  =  const. 
This  implies  that  we  may  define  a  ’’transition  Reynolds  number"  which  is 
independent  of  body  size.  It  must  be  borne  In  mind  that  such  an  artifice  must 
be  discarded  when  transition  approaches  the  neck  region.  The  effects  of  shape 
upon  the  transition  Reynolds  number  is  not  clear,  but  marked  differences 
between  the  values  for  spherical  and  conical  models^  Indicates  that  a  strong 
shape  effect  exists. 

For  the  phenomenon  of  wake  transition  to  be  of  practical  use  in  reentry  detection 
and  discrimination,  it  is  essential  to  relate  transition  to  body  or  flight  param¬ 
eters.  As  stated  previously,  transition  should  be  determined  by  the  local  wake 
conditions,  and  indeed  good  correlations  of  this  type  have  been  obtained1  ; by 
basing  Reynolds  numbers  on  wake  width  and  calculated  wake  edge  conditions. 

In  this  way,  body  shape  and  flight  conditions  are  accounted  for  but  are  not 

(5) 

easily  related  to  transition.  Zelberg  has  succeeded  in  correlating  ballistic 
(5-7) 

range  data  of  others  accounting  for  body  shape  by  modifying  the  transition 

/ M  \2 

Reynolds  number  as  Re^x^^j— y  where  Re^x  Is  based  on  free-stream 

conditions  and  M  and  M  are  the  flight  and  wake  edge  Mach  numbers.  Once 
co  e 

again,  however,  Mg  is  not  easily  related  to  the  body  shape. 

For  a  given  body  shape,  simple  correlations  are  available.  A  Reynolds  number 
based  on  free-stream  conditions  seems  to  lie  satisfactory  for  correlating  x  D 

at  constant  flight  Mach  number.  In  fact,  even  the  product  p  D  appears  to 

(7)  115 

suffice.  If  shape  effects  are  to  be  correlated,  however,  it  is  necessary  to 

have  a  better  understanding  of  the  transition  mechanism  and  resort  must  In- 

made  to  analyses  of  wake  stability. 
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Figure  2  Variation  of  Transition  Distance  with 
Reynolds  Number  In  Wakes 


5 


GM  DEFENSE  RESEARCH  LABORATORIES  X  GENERAL  MOTORS  CORPORATION 


TRS4-02K 


The  linear  region  as  defined  in  Reference  3  is  the  most  amenable  to  analysis  of 

the  three  regions.  The  initial  amplification  of  sinusoidal  oscillations  can  be 

treated  by  a  linearized  theory  such  as  the  Orr-Sommerfield  approach.  Most 

notable  of  the  analyses  of  recent  date  which  bring  an  insight  into  the  hy|>ersontc 

(3) 

wake  stability  problem  are  the  calculations  of  Sato  and  Kunki  for  two- 

(9) 

dimensional  incompressible  wake  flows;  the  work  of  Batchelor  and  Gill  for 
axisymmetric  incompressible  wake-type  flows;  and  the  extension  of  this  work 
to  compressible  flows  by  Gold/*1^  In  all  cases  the  effects  of  viscous  dissipation 
are  excluded  (high  Reynolds  number  assumption),  and  it  is  assumed  thai  the 
flow  is  unstable  only  to  subsonic  disturbances. 


In  order  that  a  disturbance  be  subsonic,  the  phase  velocity  of  the  disturbance 
relative  to  the  surrounding  fluid  (c0)  must  satisfy  the  condition 

(Cr)  «"  ae  (Condition  1) 

where  a  is  the  sound  speed  in  the  fluid  at  the  edge  of  the  wake.  Lees  and 

(11)  e 

Lin  have  shown  that  a  neutral  subsonic  disturbance  must  have  a  wave  speed 
equal  to  the  fluid  velocity  (wc)  at  the  point  where  the  gradient  of  the  dcnsitv- 
vorticity  product  is  zero,  i.e. , 


(c r)  ■  wc  (Condition  2) 

where  w  is  measured  relative  to  the  surrounding  (wake  edge)  flow  Gold^* 

C  £T  T0  -  Te 

has  calculated  w^  as  a  function  of  y~  =  — Y -  where  Tt)  and  T0  are  the 

e  e 

viscous  wake  centerline  and  wake-edge  temperatures  respectively.  The  results 

a  t 

indicate  a  rapid  decrease  in  as  y —  ls  increased.  Both  conditions  (ll  and 

(2)  must  be  met  for  a  subsonic  neutral  disturbance  to  exist.  In  the  case  of  a 

^  T* 

blunt  body  a  is  high  but  cD  is  also  high  since  is  low  (flow  lield  shock - 

e  K  I  e 

dominated).  For  a  more  slender  txidy  a  is  lower,  but  also  c,,  is  lower  since 

T  e  ”41 

Y —  is  higher  (flow  field  boundary -layer  dominated).  Because  of  this,  lavs11 

e 

indicates  that  subsonic  disturbances  can  exist  (w;ikc  :io  longer  Much-number 
stabilized)  fairly  near  the  neck  for  Ixith  blunt  and  slender  bodies  However, 
the  amplification  rate  of  the  disturbances  ic  also  dependent  i  ;x>n  and  hence 
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upon  the  body  slenderness.  Gold^*"^ further  shows  that  the  amplification  rate 

AT 

Is  higher  for  low  =—  .  In  other  words,  even  though  subsonic  disturbances  can 
occur  for  slender  bodies,  they  may  require  considerable  distances  to  amplify 
before  a  transition  point  Is  observed. 


From  these  considerations  one  might  expect  the  blunt  bodies  to  exhibit  an  early 
transition  with  rapid  amplification  and  an  accompanying  short  region  to  full 
turbulence.  The  very  slender  models,  on  the  other  hand,  should  exhibit  a 
later  transition  and  a  long  region  for  amplification,  behaving  much  as  the  low- 
speed  transition  of  Sato  and  Kuriki. 

The  slenderness  of  a  body  by  these  arguments  has  not  been  related  entirely  to 

its  shape  but  rather  to  the  temperature  difference  between  the  Invlscid  and 

viscous  wakes.  The  outer  wake  temperature  Is  controlled  by  the  body  shape 

but  the  Inner  viscous  wake  Is  affected  not  only  by  the  shape  but  also  by  viscous 

effects  on  the  body  or  by  the  viscous  drag.  On  the  other  hand,  the  shock  shape 

and  hence  invlscid  wake  heating  Is  largely  determined  by  the  pressure  drag  of 

AT 

the  body.  This  Immediately  sugg^ts  that  the  temperature  difference  is 

largely  determined  by  the  ratio  where  Is  the  friction  (viscous)  drag 

Op 

coefficient*,  and  Is  the  pressure  (shock)  drag.  It  appears  then  that 
Coj/Cpp  should  be  a  suitable  shape  parameter  for  correlating  transition  behind 
bodies  of  various  axlsymmetrte  shapes.  This  parameter  has  been  used  to 
correlate  the  results  of  the  present  Investigation. 


*  To  be  more  precise,  the  wake  drag,  should  be  used.  However,  for 

cone-like  bodies,  Cj^  since  the  drag  due  to  the  trailing  shock  is 

negligible.  This  is  not  the  case  for  spheres,  however. 
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III  EXPERIMENTAL  STUDIES 

1.  General  Observations 

The  wake-transition  studies  were  performed  in  the  GM  DRL  Aerophysics 
Range,  where  launching  techniques  have  been  developed  so  that  saboted  conical 
models  can  be  launched  at  speeds  up  to  24,  000  fps.  A  series  of  cone  models 
were  launched  with  semi-vertex  angles  (8)  from  6.  3  to  45  degrees  and  nosc-to- 
base  radius  ratios  (R^/R^)  from  .  06  to  1.  Spherical  models  of  2.  5-,  5-,  and 
15-mm  diameter  were  also  used.  The  models  were  copper  coated  to  delay 
ablation  effect  and  ballasted  where  necessary  to  achieve  a  favorable  margin 
of  stability.  A  sketch  of  the  models  used  and  a  list  of  model  dimensions  is 
given  in  Figure  3. 

Transition  distances  were  measured  using  an  f  .  10  and  an  f  20  double -pass 

(12) 

schlieren  system,  described  in  detail  elsewhere.  The  f  20  system  employed 
a  laser  light  source  of  10-nanosecond  exposure  and  the  f  10  a  spark  source  of 
150- nanosecond  duration,  giving  maximum  model  motion  blurring  of  .  003  and 
.  040  inches  respectively. 

The  schlieren  system  is  sensitive  to  density  gradients  in  the  flow  field.  In  the 

aT 

case  of  a  blunt  body  where  the  temperature  change  =-  is  small,  the  density 

*  e 

gradients  are  small  and  the  viscous  wake  is  barely  discernible  from  the  inviscid 
wake.  The  large  density  differences  between  the  inviscid  and  viscous  regions  are 
clearly  noticeable  for  the  cone,  however.  A  comparison  between  the  schlieren 
photographs  of  the  flow  behind  a  sphere  and  a  cone  (see  Figures  4,  7.  and  9) 
points  out  this  Striking  difference  between  shock-dominated  and  bounriury- 
layer-dominated  wakes. 

The  low  contrast  between  the  viscous  and  inviscid  wake  behind  blunt  tmdivs 
makes  the  transition  |>oint  and  the  ensuing  fluid  motion  very  difficult  to  study 
from  schlieren  photographs.  At  low  ambient  densities  and  high  flight  Mach 
numbers,  only  the  outer  inviscid  wake  is  observed  (Figure  5)  This  inviscid 
trail  extends  behind  the  model  for  many  hundreds  of  diameters.  The  phvsic.il 
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Figure  3  Model  Shapes  and  Dimensions 
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size  of  the  viscous  wake  within  this  trail  can  be  estimated  from  the  schlieren 
photograph  of  Figure  6  in  which  the  wake  was  inadvertantly  seeded  with  ablation 
products  from  a  break  in  the  model  skin,  making  the  viscous  wake  faintly 
visible.  For  smaller  models,  the  outer  wake  becomes  more  pronounced 
(Figure  T)  since  the  density  gradients  become  much  more  severe. 

The  boundaries  of  the  inviscid  wake  are  very  well  marked  in  the  flow  behind 
cones  (Figure  4)  because  of  the  large  density  gradient  generated  at  the  inter¬ 
section  of  the  conical  body  shock  with  the  expansion  wave  from  the  base. 

The  inviscid  wake  diameter  (b)  increases  at  a  rate  independent  of  the  model 
shape,  depending  only  on  the  free-stream  Reynolds  number  and  the  Initial 
wake  size  (about  one  body  diameter).  A  good  correlation  for  the  growth  law  of 
both  spherical  and  conical  models  is,  bv  reference  to  Figure  8, 


This  growth  is  somewhat  slower  than  the  growth  of  the  turbulent  wake  at  large 
distances  behind  the  model,  viz.  , 


and  may  be  much  slower  near  the  body,  depending  upon  the  body  shape.  It  is 
of  interest  to  note,  at  least  for  the  case  of  a  cone,  that  the  laminar  viscous 
wake  grows  slightly  less  rapidly  than  the  outer  wake.  Hence,  we  may  expect 
the  inner  wake  to  remain  imbedded  within  the  outer  wake  until  some  distance 
beyond  transition.  We  expect,  then,  that  turbulence  behind  blunt  bodies  at 
very  low  Reynolds  numbers  will  not  be  observed  by  the  use  of  schlieren 
techniques  until  the  turbulence  has  grown  through  the  surrounding  hot  fluid. 

Upon  emergence  of  the  turbulence  through  the  inviscid  core,  strong  Mach-type 
disturbances  are  generated  in  the  surrounding  flow  when  the  local  Mach  number 
is  sufficiently  high. 
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x/D«50  (AT  CENTER  OF  PICTURE)  -► 


x/Dw!20 


x/  D  =  260  -► 


M=  17,  p=10mm  Hg 

Figure  5  Inviscid  Trail  Behind  a  15-mni-Diameter  Sphere 
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Figure  6  Viscous  Wake  of  Sphere  Made  Visible  by 
Seeding  with  Ablation  Products 
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Figure  7  Invisc  irl  Trail  Behind  .t  2.  ri-iiMii-l)i,iniciiT  Sphere 


14 


INVISCID  WAKE  WIDTH,  b/D 


GM  DEFENSE  RESEARCH  LABORATORIES#  GENERAL  MOTORS  CORPORATION 


TR64-02K 


NORMALIZED  AXIAL  DISTANCE ,  ( 

vRemDJ 


Figure  8  Growth  of  the  Inviscid  Wake 
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Striking  differences  in  the  mechanism  of  breakup  of  the  laminar  wake  between 
blunt  and  slender  bodies  are  evident  from  comparisons  of  the  schlieren  photo¬ 
graphs  of  each  (Figures  4,  9,  and  10).  For  blunt  bodies,  transit  ion  in  general 
occurs  abruptly,  changing  from  a  straight  laminar  flow  to  what  appears  to  be 
well  developed  turbulence  within  a  few  body  diameters.  On  the  other  i.and,  for 
slender  bodies,  small  oscillations  are  noticed  in  the  viscous  U'ake,  in  some 
cases  requiring  50  to  100  diameters  to  amplify  into  large-scale  periodic 
oscillations  of  the  whole  wake  (Figure  9).  These  periodic  oscillations  then  break 
up  into  large  irregular  patches  of  turbulence  and  finally  form  a  somewhat 
homogeneous  turbulent  wake,  This  behavior  is  somewhat  reminiscent  of  the 
behavior  of  transition  behind  flat  plates  as  observed  by  Sato  and  Kuriki,  viz.  , 
a  linear  region  amplifying  to  form  a  nonlinear  region  and  finally,  a  three- 
dimensional  distortion  before  forming  fully  developed  turbulence. 

The  general  behavior  of  the  blunt-  and  siender-body  transitions  is  therefore 
in  general  agreement  with  the  earlier  discussions.  For  blunt  bodies,  amplifi¬ 
cation  rates  are  rapid  and  transition  occurs  rapidly  once  subsonic  disturbances 
are  allowed.  For  slender  bodies  amplification  rates  are  slow  and  the  complete 
transition  process  is  a  long,  gradual  one. 

The  mechanism  of  transition  is  strongly  influenced  by  ablation  products  in 
the  wake.  Particularly,  at  high  ambient  pressures  ablatiun  can  modify  the  flow- 
field  as  recorded  on  schlieren  photographs. 

The  effect  of  ablation  may  be  seen  from  Figure  10,  which  gives  a  comparison 
of  a  nonablatirg  cone,  a  slightly  ablating  cone  (from  sharp  edges  on  the  base  ), 
and  a  cone  whose  flow  is  deliberately  seeded  w  ith  an  ejioxy  from  an  ablation 
ring  cn  the  cone  surface.  The  relative  amount  of  ablation  (or  its  absence)  was 
determined  by  image -converte r  photographs  of  the  radiation  from  the  model, 
and  from  the  level  of  electron  and  radiation  observables.  It  may  be  seen  that 
the  transition  behind  the  iionabiating  cone  occurs  well  behind  the  model,  with 
a  long  smooth  laminar  region.  With  slight  ablation  effects,  transition  occurs 
much  earlier  but  still  w  iLh  a  relatively  long  transition  process.  With  heavv 
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a)  x/D=s90  (AT  CENTER  OF  PICTURE) 


b)  x/D.140 

9- 12-1/ 2°.  Rn  Rr  .02,  p=30nim  Hg.  M-20,  D-.  25  inch 
Figure  10  Transition  in  the  Far  Wake  of  a  Slender  Cone 
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ablation,  however,  transition  occurs  very  close  to  the  base  of  the  cone  and 
full  turbulence  develops  rapidly. 

Ablation  effects 'appear  to  be  minimal  at  ambient  pressures  of  50  mm  Hg  and 
below.  At  75  mm  Hg  light  ablation  could  result  in  a  total  scatter  of  the  present 
transition  results  up  to  50%  depending  upon  nose  bluntness  and  flight  speed.  In 
light  of  this,  results  obtained  using  sharp  cones  at  pressures  above  75  mm  Hg 
must  be  accepted  only  with  the  utmost  caution. 

2.  Transition  Correlations 

In  agreement  wtth  the  earlier  definition  of  a  transition  pomt,  transition  distances 
were  measured  on  schiieren  photographs  from  the  model  nose  to  the  first 
appearance  of  disturbances  in  the  viscous  wake.  Any  other  definition  would  be 
difficult  to  assess  since  the  boundaries  of  the  various  regions  of  transition,  in 
the  case  of  slender  bodies  at  least,  are  ill-deftned.  Further,  of  course,  any 
recourse  to,  or  comparison  wtth,  existing  transition  theories  must  be  made 
under  conditions  where  linear  theories  are  applicable. 

It  was  early  determined  that  the  location  of  transition  was  stiongly  dependent 
upon  angle  of  attack  of  the  conical  models.  For  this  reason,  only  those  rounds 
were  used  for  data  analysis  which  had  an  angle  of  attack  less  than  one-half  the 
semivertex  angle  of  the  cone  throughout  the  complete  flight  of  the  model. 

Further,  because  of  the  strong  Influence  of  ablation  products,  only  those 
rounds  were  analyzed  where  it  was  indicated  that  no  ablatton  was  present. 

These  rounds  are  tabulated  in  Figure  3.  Because  of  essential  differences 
between  the  cone  and  sphere  transition  results,  the  two  types  of  models  will 
be  discussed  separately. 

A.  Spheres 

The  normalized  transition  distance  x  D  for  spheres  could  be  correlated  by 
the  free-stream  Reynolds  number  Re^D  -  ^0D  V00  —  (Figure  11)  for  the 
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relatively  small  spread  of  flight  speeds  (15  <  M  <  19).  The  shape  of  the  plot  cf 
x/D  vs  Re^D  is  in  good  agreement  with  the  sketch  of  Figure  2,  at  high 
Reynolds  numbers.  No  data  was  obtained  at  low  Reynolds  number  because  the 
laminar  wake  presented  insufficient  contrast  on  the  schlieren  photographs  to 
be  discernible,  as  explained  previously.  For  the  15-mm-diameter  sphere,  the 
lowest  ambient  pressure  for  which  data  was  obtained  was  17  mm  Hg.  For  the 
smaller  spheres,  the  limit  was  correspondingly  higher, 

In  the  intermediate  Reynolds  number  range,  x/D~  Re  D  *  or  Re  x  =  constant 

qd  m 

1.  4  x  106  for  all  spheres  (Figure  11).  At  higher  Reynolds  number,  transition 
"sticks”  In  the  neck  and  x/D  ■  const.  Transition  point  "sticking"  occurs  at  a 
Reynolds  number  Independent  of  body  size  for  the  Bmall  range  of  sphere 
diameters  studied.  Ir.  general,  we  would  expect  a  dependency  on  both  Mach 
number  and  Reynolds  number,  since  both  these  parameters  affect  the  location 
of  the  neck.  The  dependency  will  be  much  stronger  for  cone  shapes  than  for 
spheres  because  of  the  effect  of  the  thicker  boundary  layers  of  conical  models 
upon  the  base  flow. 

The  transition  dtstar.ce  behind  spherical  shapes  appears  to  be  relatively 

(7  i3) 

Insensitive  to  flight  speed,  a  fact  also  noticed  by  others.  '  As  a  result,  it 
was  found  that  the  effect  of  Mach  number  on  transition  could  be  accounted  for 

Rg  x  c  ci  x 

at  the  high  Mach  numbers  by  using  a  transition  Reynolds  number  ro  ca  cd 

M  u_ 

Re  x  ®  ® 

A  plot  of  o°  vs  Mqj  is  shown  in  Figure  12,  for  values  of  Re^D  where 

M 

00 

"sticking"  does  not  occur.  Also  Included  in  the  plot  are  the  early  results  of 
Slattery  and  Clay,  'only  the  "scatter  bars"  are  shown  for  the  latter.  It  is 
seen  that  the  speed-independent  transition  Reynolds  number  is  only  slightly 
dependent  on  Mach  number  at  low  Mach  numbers,  and  appears  to  become 
constant  at  high  Mach  numbers,  giving 

Re  x  ^8  x  105  M  for  M  >  10  (1) 

CO  00  QD 
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(14) 

More  recent  results  of  Slattery  and  Clay  show  much  higher  values  of  Re^x  • 

particularly  at  low  ambient  pressures.  There  is  some  possibility,  however, 

that  these  results  weie  actually  a  measure  of  the  position  at  which  the  turbulent 

wake  emerges  from  the  surrounding  inviscid  layer,  rather  than  a  measure  of 
(14) 

transition  distance. 

B.  Cones 

In  attempting  to  correlate  the  transition  data  of  the  cone  and  blunt-cone  wakes, 

It  became  apparent  that  the  transition  distances  at  Mach  numbers  above  14  were 
Insensitive  to  flight  speed  and  a  modified  transition  Reynolds  number  *^r>x 

Mqj 

could  be  obtained  for  each  body  shape;  further,  its  value  was  independent  of 
body  shape  for  the  blunt  bodies  and  was  about  a  factor  of  2  higher  than  the 
value  for  spheres. 

13  A  y 

The  values  obtained  for  .  -00  for  a  variety  of  blunt  shapes  are  shown  in 

Mqj 

Figure  12  as  a  function  of  Mqj  ,  along  with  results  of  Slattery  and  Clay  at 
low  .  The  same  trend  with  Mach  number  is  noticed  for  the  blunt  cones 
as  for  spheres,  with  a  high  Mach  number-transition  Reynolds  number  of 

5 

Re  x=  1.8x10  M„,  (2) 

co  co 

The  sphere  cannot  be  considered  geometrically  similar  to  the  blunt  cone,  l.  e.  . 
a  cone  with  Rj^/Rg  =■  1,  since  the  base  shapes  are  different.  In  order  to 
determine  if  this  difference  was  responsible  for  the  higher  Re^x  for  blunt 
cones,  hemispherical  models  were  launched  and  the  results  are  also  plotted 
in  Figure  12.  It  can  be  seen  that  there  is  no  difference  between  the  transition 
behind  these  models  and  behind  spheres  within  the  experimental  scatter.  A 
possible  reason  for  the  difference  is  the  small  contribution  of  the  boundary 
layer  to  the  initial  wake  drag  for  spheres  and  hemispheres,  the  trailing  shock^*’  ' 
producing  essentially  all  the  drag  in  the  wake.  This  would  have  an  effect  on 
the  wake-temperature  profile  and,  consequently,  on  the  phase  velocity  of 
neutral  distrubances  c^  . 
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In  an  attempt  to  correlate  the  transition  Reynolds  numbers  for  the  slender 

bodies,  resort  was  made  to  the  slenderness  parameter  Cj^,  discussed 

earlier.  In  order  to  accomplish  this,  a  knowledge  of  the  pressure  drag 

coefficient  and  the  friction  drag  coefficient  are  required.  The  graphs 
J-V  (is) 

given  by  Lees  and  Hromas  were  used  to  estimate  C^.  and  are  reprinted  in 

Dp 

Figure  13.  The  friction  drag  was  calculated  from  flat  plate,  laminar  boundary 
layer  considerations  applying  the  compressibility  corrections  given  by  Van 

/I  AV 

Driest'  ;and  assuming  all  models  were  pure  cones  (no  blunting)  after  the 

fashion  of  Reference  15.  The  boundary-layer  edge  conditions  were  determined 

(17) 

using  the  cone  calculations  of  Romig.  It  was  found  that  was  independent 
of  speed  in  the  range  10  •"  20  to  within  t  5%  when  correlated  with  respect 

to  free-stream  conditions.  Thus,  the  calculated  curve  of  cdN  vs  © 

given  in  Figure  14,  was  used  in  the  determination  of  . 


In  Figure  15  a  graph  of  the  normalized  transition  distance  x  D  Is  plotted 
against  on  a  logarithmic  plot.  It  can  be  seen  that  to  a  good  approxi¬ 


mation  x, 


D 


CDf  \n 


^ — j  where  n  is  approximately  2.  Thus  the  transition 
distance  can  be  correlated  for  slender  body  shapes  by  the  relation 


x 

D 


(3) 


The  boundary  between  blunt-body  (Equation  2)  and  slender-body  (Equation  3) 
correlations  can  be  determined  from  the  plot  of 


Recox  /CDf\  ReD 

M  \C  I  M 

co  \  Dp  /  03 


given  by  Figure  16. 


The  two  lines  representing  Equations  (2)  and  (3)  intersect  at 


(4) 
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SHAPE  PARAMETERS,  S 


Figure  16  Blunt-  and  Slender-Body  Correlations 
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The  value  of  the  shape  parameter  S  = 


Df 


Dp, 


fRe_  D 

oo 

V  M 

*  oo 


then,  indicates  whether 


the  body  is  slender  so  that  Equation  (3)  applies,  or  blunt,  in  which  case 


Equation  (2)  applies.  Since  Cj^ 


and  C_  depend  only  on  shape  for 
Dp 


axlsymmetrlc  bodies,  S  is  a  geometrical  shape  parameter  oniy,  being 
independent  of  ambient  conditions,  s'ze,and  speed. 


The  correlation  of  Equation  (3),  given  by  Ftgure  15  was  made  for  a  rather 
narrow  range  of  flight  Mach  numbers.  The  effect  of  Mach  number  can  be  seen 
from  Figure  17  in  which  the  results  of  Reference  6  which  satisfy  the  condition 
S  >  20  are  also  plotted.  At  low  speeds,  some  Mach-number  effects  are 

noticeable,  but  for  M  >  10  the  correlation  =  const,  appears  to  hold 

m  Df  CDf 

very  well.  It  may  be  noted  here  that  since  C ^  and  are  velocity-independent 
for  M  >  10,  the  transition  distances  are  also  velocity-tndependent  In  the  case 
of  blunt  bodies. 


A  further  comparison  of  the  present  results  with  those  of  other  investigators 
may  be  seen  from  Figure  16,  which  shows  good  agreement  except  perhaps  for 
the  15-degree-cone  results,  which  lie  very  neat  the  boundary  between  slender 
and  blunt  shapes.  These  cones  exhibit  a  higher  transition  distance  than  would 
be  predicted  by  either  Equation  (2)  or  Equation  (3).  The  differences  are 
particularly  noticeable  at  lower  Mach  numbers.  One  might  conjecture  that 
this  shape  of  cone  lies  in  a  "transition'’  region  between  the  two  correlations. 


Since  CDf 


fReb 

w—ffi -  18  dependent  only  on  cone  semtvertex  angle  for  nearly 

pointed  cones,  tfie  correlation  expressed  in  Equation  (3)  may  be  written 
for  a  constant  shape  or  Re 


M 

X  00 

IT 


const. 


M  as  was  the  case  for 

CD 


Re~~T) 

CD 

blunt  bodies.  Hence,  a  transition  Reynolds  number  may  be  defined  for  each 
axisymmetric  body  shape,  independent  of  body  si2e,  in  the  intermediate 
Reynolds  number  range. 
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Figure  17  Effect  of  Flight  Mach  Number  on  Transition 
Behind  Slender  Bodies 
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The  particular  body  shapes  which  satisfy  the  condition  set  by  Equation  4  may 
be  determined  from  Figure  18.  In  order  for  the  slender-body  correlation  to 
apply,  the  bluntness  ratio  R^,  Rg  must  be  less  than  1  3  and  the  maximum 
semivertex  angle  must  be  less  than  16°. 

For  cone  angles  below  16°,  it  is  probable  that  the  neglect  of  bluntness  does 
not  cause  appreciable  errors  in  the  calculation  of  Cgj  .  As  the  angle  decreases, 
the  friction  drag  will  reverse  its  trend  and  begin  to  increase.  As  a  result  we 
would  expect  the  boundary  curve  of  Ftgure  15  to  behave  somewhat  as  Indicated 
by  the  dashed  line  in  that  figure. 

Although  no  sUe*dependence  of  transition  is  allowed  by  the  present  correlation, 
it  must  be  recalled  that  both  the  high-Reynolds-number  (sticking  effect)*  and 
low-Reynolds-number  (viscous  effect)  limits  will  be  size  dependent.  Hence, 
the  limits  of  Re  D  over  which  this  correlation  is  valid  are  yet  to  be  determined. 
With  this  in  mind,  it  is  possible  to  use  the  results  to  predict  the  transition 
distance  in  clean  wakes  (no  ablation)  behind  reentry  vehicles. 


To  this  end,  Equation  (3)  may  be  written 

400  S2 

=  P* 
u 

Now  -  ~  3  x  10®  ft2/slug 

-5  S2 

Thus  x  (in  feet)  =  5.  60  x  10  ^ —  (5) 

where  T  =  —  and  is  standard  atmospheric  density. 


•  It  is  of  Interest  to  observe  here  that  the  phenomenon  of  ’'sticking-'  was  not 
observed  for  the  slender  cones.  At  ambient  pressures  up  to  150  mm  Hg 
the  transition  point  moved  continually  toward  the  body  according  to  the 
correlation  Equation  (3). 
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Equation  (5)  is  plotted  in  Figure  19.  which  gives  transition  distance  x  in  feet 
as  a  function  of  altitude  and  range  pressure  for  various  values  of  S.  The 
variation  of  density  with  altitude  has  been  assumed  to  be  an  exponential  one. 
The  shape  parameter  S  for  the  particular  body  of  interest  may  be  determined 
from  Figure  20. 

Also  plotted  In  Figure  19  are  the  correlations  for  spheres  {Equation  (1))  and 
for  blunt  cones  (Equatton  (2)).  If  a  measurement  of  x  Is  made  for  an  incoming 
reentry  vehicle  -ndthe  altitude  is  known,  then  the  shape  parameter  S  can  be 
determined.  This  will  then  classify  the  body  as  spherical,  blunt, or  slender.  If 
slender,  the  actual  slenderness  is  known.  Thus,  these  correlations  offer  a 
possible  discrimination  technique  based  on  a  measurement  of  transition 
distance.  It  must  be  stressed  once  again  that  the  range  of  body  Reynolds 
number  (Re  D)  for  which  this  correlation  is  valid  has  not  been  determined. 


IV  SUMMARY  AND  DISCUSSION  OF  RESULTS 

The  primary  differences  in  the  flow  fields  behind  blunt  and  slender  sphere- 
cone  models  can  be  traced  to  the  relative  importance  between  the  inviscld  and 
viscous  regions  of  the  wake,  that  Is,  to  the  extent  to  which  the  flow  field  is 
boundary -layer-dominated  (slender  body)  or  shock-dominated  (blunt  bodies. ) 
It  is  this  difference  which  determines  whether  the  trail  observables  will  Lo 
governed  by  the  Invlscid  outer  wake  or  by  the  viscous  inner  core.  Further,  It 
is  this  difference  which  governs  in  a  strong  fashion  not  only  the  growth  of 
instabilities  in  the  viscous  wake,  but  also  the  extent  and  importance  of  Mach 
number  stabilization  of  the  wake. 

It  was  this  difference  which  pointed  up  the  use  of  the  ratio  of  the  drag  in  the 

/CDf  \ 

boundary  layer  to  the  drag  associated  with  the  shock,/ ^ - 1  as  a  parameter 

indicative  of  the  relative  importance  of  the  bow  shock  wave  and  thereby  a 
parameter  through  which  body  shape  effects  might  be  correlated. 


33 


GM  DEFENSE  RESEARCH  LABORATORIES  S  GENERAL  MOTORS  CORPORATION 


TR84-02K 


ft  was  found  that  the  primary  shape  parameter  which  described  the  sha 
a  body  for  purposes  of  correlating  transition  distances  was  S  = 


i  the  shape  of 
CM 


a  function  only  of  cons  angle  and  bluntness  ratio.  For  S  <r  20  the  body  behaved 

A 

as  a  blunt  body  with  a  transition  Reynolds  number  Re  x  1.  60  x  10  Nd 

CD  co 


typifying  all  blunted  cone  shapes  and  another  Re^x 


typifying 


8  x  1(T 

spherical  and  hemispherical  shapes.  The  difference  between  these  two  values 
of  Re  x  has  been  tentatively  attributed  to  the  importance  of  the  drag  introduced 
into  the  wake  by  the  trailing  shock  in  the  case  of  a  spherical  model.  For 
S  >  20  a  common  transition  Reynolds  number  does  not  exist  for  all  shapes, 
but  rather, 

2 

Re  x  ^  400  S2  M  or  «  =.  400| 

00  00  D 


In  all  cases,  the  transition  distances  were  independent  of  both  body  size  and 
flight  speed  for  Mach  numbers  above  10,  except  at  very  high  body  Reynolds 
numbers  (Re^D).  At  large  Re^D,  the  transition  "sticks"  In  the  neck  regton 
and  the  Reynolds  number  at  which  this  occurs  depends  upon  the  body  size.  It 
Is  believed. 


It  appears  then  that  bodies  can  be  conveniently  classified  as  blunt  or  slender, 

Cly[  ITU  b 

for  our  purposes,  depending  upon  their  value  of  S  =  -g— -  J — ^ —  .  Further, 

Dp  1  a> 

It  appears  that  the  character  of  the  transition  process  Is  radically  different 
between  the  blunt  and  slender  bodies  defined  in  this  way.  For  blunt  bodies 
the  transition  to  full  turbulence  appears  to  be  abrupt,  occurring  within  a  few 
body  diameters.  For  slender  bodies  the  transition  process  occurs  In  several 
stages:  small  oscillations,  large  oec Illations  of  the  complete  wake,  irregular 
patches  of  turbulence  and  finally  full  turbulence,  the  whole  process  taking.  In 
some  cases,  hundreds  of  diameters  to  complete.  A  tentative  explanation  for 
this  behavior  might  be  that  in  the  case  of  the  blunt  bodies,  amplification  rates 
are  so  high  as  a  result  of  the  shock-dominated  flow  field  that  transition  occurs 
abruptly  once  subsonic  disturbances  can  exist.  Where  the  flow  field  is  twundary- 
layer  dominated,  however,  the  amplification  rates  would  be  low  and  the  transition 
process  would  be  longer  for  slender  bodies. 
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At  sulfic lently  low  Reynolds  numbers,  we  would  expect  these  arguments  and 
correlations  to  become  Invalid.  Viscous  dissipation  then  begins  to  play  a 
dominant  role,  limiting  the  minimum  Reynolds  number  at  which  transition 
can  occur. 

Because  of  the  importance  of  the  lnvlsctd  wake  in  the  determination  of  the 
wake  observables,  some  measurements  were  made  of  its  growth.  It  was  found 
that  its  growth  rate  was  slightly  more  rapid  than  the  viscous  wake  growth,  and 
substantially  less  than  the  turbulent  wake  growth.  Thus,  turbulence  eventually 
emerges  from  the  tnviscid  region  into  the  tow -temperature  surroundings.  In 
the  case  of  very  blunt  bodies  the  viscous  wake  could  not  be  distinguished  within 
the  outer  wake  at  low  ambient  pressure,  since  the  schlieren  system  is  insensitive 
to  tiie  small  density  changes  occurring  in  the  wake  region  of  shock -dominated  flow. 

Keeplrg  in  mind  the  limitations  and  the  dangers  in  extrapolating  range  results 
to  full-scale  observations,  we  can  plot  the  transition  distance  behind  axisymmetrtc 
bodies  as  a  function  of  altitude.  Using  such  a  chart,  the  transition  dtstance  in 
clean  wakes  (no  ablation  effects)  measured  by  down-range  radar  systems  would 
give  a  direct  indication  of  whether  a  body  Is  blunt  or  slender,  and  if  slender,  a 
measure  of  its  slenderness.  The  increase  in  transition  dtstance  from  a  blunt 
body  to  a  slender  cone  shape  is  roughly  a  factor  of  4  to  8,  which  should  be 
discernible. 

The  effect  of  ablation  in  these  results  is  not  known.  Where  ablatton  Is  heavy, 
range  experiments  show  that  the  whole  transition  process  is  masked  by  the 
ablation  products.  Even  so,  at  higher  altttudes  before  ablation  becomes 
appreciable,  a  correlation  such  as  given  here  may  prove  a  valuable  aid  to 
dtscrtmlnatton  techniques.  A  further  factor,  unsolved  at  the  present  time. 

Involves  the  relationship  between  the  radar  backscatter  from  transition  and  the 
fluid- mechanical  transition  measured  by  a  schlieren  system.  The  coupling 
between  the  two  Is  very  complex  and  is  the  subject  of  a  research  study  at  GM 
Defense  Research  Laboratories  at  the  present  time  under  this  same  contract. 
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